Neutrophils in tissue culture spontaneously undergo programed cell death (apoptosis), a process characterized by well-defined morphological alterations affecting the cell nucleus. We found that these morphological changes were preceded by intracellular acidification and that acidification and the apoptotic changes in nuclear morphology were both delayed by granulocyte colony-stimulating factor (G-CSF). Among the agents that defend neutrophils against intracellular acidification is a vacuolar H+-ATPase that pumps protons out of the cytosol. When this proton pump was inhibited by bafilomycin A1, G-CSF no longer protected the neutrophils against apoptosis. We conclude that G-CSF delays apoptosis in neutrophils by up-regulating the cells' vacuolar H+-ATPase and that intracellular acidification is an early event in the apoptosis program.
The properties of apoptotic cells have been studied extensively, but little is known about how apoptosis is initiated. There is, however, some evidence suggesting that intracellular acidification may play a role in this process. For example, intracellular acidification increases the susceptibility of cells to killing by heat and chemotherapeutic agents (1) (2) (3) and occurs in HL-60 cells undergoing apoptosis in response to etoposide (4) . Cell shrinkage, an event characteristic of apoptosis, is also typically seen in cells undergoing intracellular acidification (5) . A role for acidification in the DNA breakdown that occurs during apoptosis is suggested by the otherwise perplexing presence in many tissues of an endonuclease that is active only at pH values below 6.6-6.8 (6, 7) . In neutrophils, this endonuclease is the only DNase that can be detected (ref. 8 ; R.A.G., H.A.G., and B.M.B., unpublished data).
In this study, we have examined the relationship between intracellular acidification and apoptosis in cultured human neutrophils. Our results suggest that acidification may be causally related to the destruction of the genome that occurs in these cells when they undergo apoptosis.
MATERIALS AND METHODS
Isolation of Neutrophils and Cell Culture. Purified neutrophils (90-95% pure) were obtained from volunteer donors by 6% dextran sedimentation followed by purification over a discontinuous Percoll (9) or Ficoll/Hypaque (10) gradient, then suspended at 5 x 106 cells per ml in calcium-, magnesium-, and bicarbonate-free Hanks' balanced salt solution supplemented with 20 mM Hepes (pH 7.4) plus 0.25% autologous plasma (HBSS), and cultured for 24 hr at 370C (11) . Where indicated, cultures contained granulocyte colonystimulating factor (G-CSF; 104 units/ml) and/or bafilomycin A1 {50-200 nM final concentration, added in dimethyl sulfoxThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in (14) . Ten thousand events were collected and data were plotted as forward scatter (size) versus fluorescence ratio (pH).
In Situ Nick End Labeling. Cells were labeled by a modification of the method ofWijsman et al (15) . Briefly, neutrophils were fixed for 5 min with 2% formaldehyde in PBS followed by methanol, air-dried on glass slides, and then incubated with a reaction mix containing 0.5 ,uM biotin-14-dATP, 5 ,AM dTTP, 5 ,uM 
RESULTS
To examine the possibility that neutrophils acidify their cytoplasm when they undergo apoptosis, we cultured neutrophils for 24 hr, then loaded them with the pH-sensitive dye carboxy-SNARF-1, and determined their size and intracellular pH by flow cytometry scanning (13 Thus the protection against apoptosis conferred on cultured neutrophils by G-CSF was accompanied by a reduction in the rate at which the cells acidify.
In the foregoing experiments, neutrophils were cultured for 20-24 hr. Acidification actually began much earlier, however. Fig. 2 shows that within 3 hr after initiating the cultures (the earliest time point examined), the cells had distributed themselves into two discrete populations: a major population with an unaltered intracellular pH and a minor population with an acidified cytoplasm. The same two groups of cells were seen at 5, 8, 12 , and 16 hr (data not shown), the acidified group growing steadily larger with time at the expense of the group with unaltered pH. The finding that the cells separated themselves into two well-defined groups, rather than remaining as a single population but with intracellular pH values that spread progressively over time into the acid range, suggested that in a particular cell, the transition to an acidic pH occurred relatively rapidly.
Among the mechanisms used by cells to rid themselves of excess HI is the vacuolar H+-ATPase, a proton pump that secretes HI from the cytoplasm into intracellular endosomes or the extracellular space (18) . In resting neutrophils, the vacuolar H+-ATPase has very low activity, but its activity is greatly increased when the cells are stimulated by phorbol esters (19) . This ATPase may also be up-regulated by G-CSF, because we found that the intracellular pH of the unacidified neutrophil population increased by 0.064 ± 0.017 pH unit (mean ± SE), a relatively small but statistically significant amount (n = 7; P < 0.01), after exposure to G-CSF for 2-20 hr. To determine if the resistance of G-CSF-treated neutrophils to apoptosis was related to the up-regulation of this proton pump and the corresponding increase in the cells' ability to defend themselves against intracellular acidosis, we examined the effect of bafilomycin, a powerful and specific inhibitor of vacuolar H+-ATPases (20) , on the rate of apoptosis in neutrophils cultured with and without G-CSF. The K1 for bafilomycin is 0.2 nM; we treated cells with 50 mM bafilomycin, a concentration expected to inhibit >98% of the vacuolar H+-ATPase activity (20) . The results are shown in Fig. 3 . Bafilomycin had only a very small effect on the rate of apoptosis in cells incubated without G-CSF, consistent with the low activity of the vacuolar H+-ATPase in unstimulated cells. The protection conferred by G-CSF, however, was almost completely abrogated by bafilomycin, suggesting that the effect of G-CSF was almost entirely due to the increase in proton export caused by a G-CSF-mediated up-regulation of the cells' vacuolar H+-ATPase. An alternative explanation for the results in Fig. 3 is a hitherto unsuspected effect of bafilomycin on signal transduction in G-CSF-treated neutrophils. This possibility was examined by looking for the expected up-regulation of CD11b on the surfaces of the cytokine-treated cells (21 . 3 . Effect of G-CSF and bafilomycin on neutrophil apoptosis. Neutrophils were purified and cultured for 20 hr as described in the legend to Fig. 1. Where indicated, (24) . It appears likely that the anti-apoptotic effect of other growth factors on other systems may be mediated through a similar mechanism.
What is the relationship between intracellular acidification and the apoptosis program? We have shown that cultured neutrophils acidify before displaying the nuclear changes of apoptosis, some cells acidifying as early as 3 hr after the start of culture, and that apoptosis in cultured neutrophils can be delayed by the up-regulation of the H+-ATPase, an enzyme that exports protons from the cytosol. Other studies have shown that many agents that delay apoptosis, including other growth factors, phorbol esters, extracellular matrix, and the protooncogene Ras, are able to activate ion transporters to promote intracellular alkalinization (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . On the basis of the foregoing results, representing findings from our own and other laboratories, we propose intracellular acidification as a possible effector of the apoptosis program.
Note Added in Proof. After this manuscript was submitted for publication, papers appeared by Li and Eastman (35) and by Perez-Sala, Collado-Escobar, and Mollinedo (36) that also report correlations between intracellular acidification and apoptosis.
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